Abstract From a botanical perspective the major difference between waste stabilisation ponds and wetlands is the dominance of algae or floating plants in the former and emergent plants in the latter. Algae, floating and submerged plants remove nutrients directly from the water column whereas emergent species remove nutrients from the sediment. Water depth is a crucial factor in determining which plant types will become established. Surface flow constructed wetlands offer the greatest potential to grow a wide variety of different types of macrophytes. In assessing the suitability of plant species for nutrient removal, consideration must be given not only to nutrient uptake for growth but also storage of nutrients as plant biomass.
Introduction
Constructed wetlands for the treatment of wastewater (municipal, industrial, agricultural, urban stormwater) have become an accepted technology to improve water quality discharge (EPA, 2000; IWA, 2000) . They can also be used in conjunction with waste stabilisation ponds to provide further polishing or tertiary treatment (Tanner and Sukias, 2003; Gschlöbl et al., 1998) .Vegetation is the dominant feature of constructed wetlands; the aquatic macrophytes and their associated microbial biofilms play several vital roles in removing, transforming and storing nutrients. In tropical climates floating plants such as duckweed (Lemna), water hyacinth (Eichhornia) and water lettuce (Pistia) have been used in conjunction with stabilisation ponds (Nhapi et al., 2003; Costa et al., 2000; Kone et al., 2002) . The emergent species Juncus eftusus and Scirpus validus have been trialled successfully in microcosms in North Carolina (Kim and Broome, 2002) . The stems and leaves of emergent macrophytes and the roots of floating plants, reduce water velocity and turbulence causing filtration and settlement of particles (sediment, organic particulates); and provide an increased surface area for the attachment of epiphytic algae and microorganisms. Oxygen produced in photosynthesis aerates the water. Inorganic bioavailable nutrients for plant and algal growth are removed either from the water column or the sediments. Oxygen transfer from aerial stems and leaves to the roots is released into the rhizosphere facilitating the nitrification/denitrification process. Thus plants play a major role either directly or indirectly in the performance efficiency of constructed wetlands by reducing ammonium, nitrite, nitrate and phosphate as well as total suspended solids and biochemical oxygen demand.
Since inorganic nitrogen and phosphorus are essential for plant growth, it is possible to maximise the amount of nutrients removed from wastewater effluent by selecting macrophytes with a high capacity for nutrient absorption and conversion to organic plant biomass. Species should have a long or continuous growing season, they should be highly productive and capable of accumulating large amounts of nutrients in plant biomass. Rooted plants remove nutrients directly from the sediments whereas floating plants remove nutrients from the water column. Some emergent species such as Phragmites have adventitious "water roots", and the water snow flake Nymphoides produces roots from the floating leaf base, thereby enabling these species to remove nutrients from both sources. Many submerged species obtain nutrients directly from the water column via leaf absorption in particular species with poorly developed root systems e.g. Ceratophyllum. Epiphytic algae attached to stems and leaves will also remove nutrients from the water column.
The selection of plant species depends upon the local availability of species (only native endemic species are recommended); the physical structure of the constructed wetland (which is governed primarily by the type of wetland system); and the chemical composition of the wastewater effluent. The type of wetland system is determined by the extent of treatment required i.e. secondary or tertiary wastewater treatment; the mass loading; climatic conditions; area of land available and cost.
Types of constructed wetland systems
Subsurface flow (SSF) wetlands, also known as vegetated submerged bed systems (EPA, 2000) in the USA, and reed bed or root-zone wastewater treatment systems (IWA, 2000) in Europe, are gravel and/or soil/sand filled trenches, channels or basins with no standing water, and support emergent vegetation. They are typically used in Europe to provide secondary treatment after screening and primary settlement. Because of the potential for clogging of the media they are mostly used for small communities or single households. They are suitable for cold climates as microbial processes can still occur in the root zone in winter. The absence of standing water however precludes the use of many aquatic plant species; only emergent species can survive in the waterlogged gravel or soil media. There is generally a higher treatment performance efficiency per unit area of land, therefore less land is required for construction compared to a FWS wetland, however there is a higher capital cost associated with media supply and maintenance if clogging occurs.
Freewater surface flow (FWS) wetlands resemble natural wetlands in appearance and are composed of shallow (20-50 cm) vegetated channels or basins and deeper (50 cm-2 m) open water ponds. Vegetated shallow areas are often referred to as marshes. Marshes are typically dominated by emergent macrophytes i.e. plants with roots in the sediment and emergent stems and leaves (reeds, sedges, rushes), however floating leaved attached macrophytes i.e. plants with roots in the sediment and floating leaves (water lilies); submerged macrophytes (pond weeds) and floating macrophytes (e.g. duckweed) are also found in these shallow wetlands. Deeper ponds support floating macrophytes, or submerged macrophytes if there is sufficient light for growth. FWS wetlands are typically used to provide tertiary wastewater treatment after conventional secondary treatment involving trickling filters or oxidation ponds, which removes most of the organic pollutants. They are most suitable for mild temperate or tropical/subtropical climates where freezing of the water does not occur in winter and continuous aquatic plant growth can occur.
Ecological requirements of macrophytes for use in treatment constructed wetland systems
In natural wetlands the distribution of the types and species of aquatic plants is usually M. Greenway governed by the water depth. Zonation is common with emergent seasonally inundated species occurring at the landward interface and submerged species or water lilies occurring in deeper permanent water. The distribution of species is also affected by substrate type and water quality (pH, salinity, nutrients, turbidity). In FWS treatment wetlands water depth does not generally fluctuate, and is maintained between 20-50 cm depth. Wastewaters are often high in TSS, BOD and nutrients, and the sediment can become very anaerobic. Thus the physico-chemical conditions in treatment wetlands can be very different from natural wetlands. In treatment wetland systems the plants need to be adapted to permanent waterlogging, and able to tolerate high nutrient concentrations in the water and sediment.
Constructed wetlands in Queensland
Prior to the 1990s there were no constructed wetlands in Queensland, Australia. While several cosmopolitan genera of aquatic plants (Typha, Phragmites, Schoenoplectus) found in Queensland had been used in constructed wetlands in North America and Europe, there was no information on the potential suitability of other genera and species found in Queensland's waterways and wetlands. There was also concern that the ecological requirements of many species in their natural environment i.e. seasonal drying out; low concentrations of nutrients in water and sediment, may preclude their potential use in constructed wetlands.
Three projects were funded specifically by the Queensland Government to address the issue of potentially suitable aquatic plants for constructed wetlands in Queensland. The Queensland Herbarium was commissioned to produce a species list of suitable plants for use in constructed wetlands for wastewater treatment (QDNR, 2000) . The second project examined nutrient (nitrogen and phosphorus) concentrations in plants growing in constructed wetlands receiving sewage effluent (Greenway, 1997; Greenway and Woolley, 1999) and the third project examined plant productivity, biomass production and the effects of harvesting (Greenway and Woolley, 2001; QDNR, 2000) . As a continuing project, the author has been investigating the suitability of a wide range of aquatic plants for use in tertiary treatment wetlands.
This paper will present the major findings of our research in order to assess the suitability of macrophytes for use in surface flow constructed wetlands established under a range of different climate conditions in Queensland, Australia. Data on requirements for growth with respect to optimal water depths, water quality of effluent, as well as the ability of different species to remove and store nutrients in plant biomass, will assist wetland designers in their selection of species.
Methods
Between 1993 and 1995 seven pilot (FWS) wetlands were constructed in Queensland to treat secondary sewage effluent. These were joint projects between the State Government and Local Governments located at Cairns; Ingham; Townsville; Mackay; Emu Park (Rockhampton); Blackall and Goondiwindi. For details on design configurations and water quality data refer to Greenway and Simpson (1996) , Greenway and Woolley (1999) and QDNR (2000) . Another seven FWS systems were constructed between 1995-1999 including a full scale wetland at Cooroy (Noosa Shire Council) (Greenway et al., 2003) .
From 1994 to 1997 all pilot constructed wetlands were surveyed on an annual basis to monitor the growth and spread of the initial plants and the colonisation of new species. Plant samples were also taken and analysed for their nutrient content (Greenway, 1997; Greenway and Woolley, 1999) . In addition plant biomass was determined for the Edmonton Wetland at Cairns (Greenway and Woolley, 2001 ) and in wetland mesocosms at Logan (QDNR, 2000) . The Edmonton Wetland has continued to be surveyed on an annual basis. The Cooroy Wetland (Noosa Shire Council) has been surveyed since 1998. Table 1 provides a list of 77 species that have been identified by this author in the survey of existing constructed wetlands, of which 56 species are included on the Herbarium list. Seven native species found are missing from the Herbarium list.
Water depth
The Herbarium list provides information on the most suitable water depth for each species based on their water regime in natural wetlands. However many of the emergent species listed (sedges Juncus sp. and grasses) were found growing in much deeper water in the constructed wetlands indicating their ability to adapt (or tolerate) not only deeper water but also permanent waterlogging.
All of the emergent species were found growing in water depths of at least 20 cm and many species (Baumea articulata, Bolbosoloenus caldwelli, Cyperus exaltatus, Cyperus involucratus, Eleocharis sp., Schoenoplectus validus, Phragmites australis, Typha sp.) were growing vigorously in 40 cm. Typha was the only species to flourish in deeper water (50-60 cm). The Cooroy Wetland with a depth of 20 cm had the greatest number of emergent species, suggesting that 20 cm is probably an optimal depth to support a dense marsh with a diversity of species (Greenway et al., 2003) .
Water quality
The water quality of the secondary treated effluent entering the pilot constructed wetlands varied between wetlands due to different pre-treatments (Greenway and Woolley, 1999; QDNR, 2000) . Table 2 summarises the effluent quality entering and leaving the constructed wetlands.
Bioavailable reactive phosphorus was consistently high (2.5-8.7 mg/L) in all wetlands except Cooroy (due to alum dosing) and had no apparent detrimental impact on the species listed (Table 1) .
Ammonia N was highly variable but lowest at Cairns and Emu Park due to oxidation ditches and highest at Mackay and Goondiwindi. High concentrations of ammonia may have been responsible for the detrimental impact observed at Mackay where 3 of the initial species Nymphoides indica, Oltelia ovalifolia and Potamogeton, died within the first 3 months of planting. Of the remaining 3 species (Typha domingensis, Schoenoplectus validus and Eleocharis sphacelata) -only Typha was successful at spreading. However, Paspalum distichum and Persicaria orientalis and Ludwigia species successfully invaded. The presence of large shallow (30 cm) open water sections and the lack of dense vegetation caused extensive algal blooms resulting in increased total suspended solids. The wetland was decommissioned in 1998. Goondiwindi was densely band planted with emergent speciesTypha, Phragmites, Schoenoplectus, Eleocharis and Cyperus, there was no apparent detrimental impact on their growth and survival due to the high ammonia concentrations. Oxidised N (nitrite + nitrate) was also highly variable between the wetlands ranging from 1.5 mg/L at Goondiwindi to 15.8 mg/L at Townsville and 14.5 mg/L at Emu Park. Species at Townsville in the inlet and mid zones included the emergent species: Typha, Phragmites, Schoenoplectus validus, Eleocharis spachelata, Cyperus exaltatus, C. involucratus, Baumea articulata, Echinochloa; the floating leaved attached water fernMarsilea, the aquatic creepers: Persicaria strigosum, Ipomoea aquatica, Eclipta prostrata, Ludwigia peploides, Paspalum distichum and the floating macrophytes: duckweed, Salvina, Pista. The inlet zones at Emu Park supported Typha, Phragmites, Schoenoplectus, Eleocharis and Paspalum. Additional species at Emu Park included Bolboschoenus caldwelli, Nymphaea gigantea and the submerged species Ceratophyllum -however these were only found towards the outlet where NO x was < 1 mg/L.
Nutrient content of plants
A comparison of nutrient content of plants collected from the constructed and natural wetlands shows that the plants growing in the treatment wetlands had a higher N and P tissue content (Table 3) . For most pairs of species however the statistical difference was not significant for nitrogen content. Phosphorus content in the treatment plants was almost double for many species indicating their increased capacity for P absorption and storage when available. The variability among control plants may have been due to the wider range of nutrient concentrations (in particular N) even in the natural wetlands. Table 4 provides a comparison of phosphorus and nitrogen in both root/rhizomes and leaf/stem tissue for a variety of native wetland species. Nitrogen content is highest in the leaves and phosphorus in the root/rhizomes. From Tables 3 and 4 it can be seen that the highest nutrient content occurs in duckweed followed by Ludwigia peploides, Bacopa, Ipomoea, Ceratophyllum, Nymphaea and Nymphoides -all these species remove nutrients from the water column. There was not a large variation in the mean values of the emergent macrophytes. A combination of emergent, floating and submerged species maximise nutrient removal (Greenway and Woolley, 2001 ).
Plant biomass
Plant biomass (dry wt) in the 3 year old Cairns wetland in mid summer was 1,750 ± 500 g/m 2 Typha; 800 ± 500 g/m 2 Schoenoplectus validus, and 1,000 ± 250 g/m 2 Eleocharis spacheolata (dense stands) which yielded per m 2 23.6 gN, 6.7 gP; 11.6 gN, 2.8 gP and 15 gN, 4.2 gP respectively (Greenway and Woolley, 2001) . In open water sections duckweed yielded 40 ± 10 g/m 2 (1.7 gN; 0.6 gP) and Ceratophyllum 90 ± 30 g/m 2 (2.7 gN; M. Greenway 1.7 gP). Turnover rates for Typha, Schoenoplectus and Eleocharis after cropping were estimated as 5, 10 and 2 months respectively. On an annual basis the yield would be 4, 1 and 3 kg/m 2 respectively of dry plant biomass. Assuming a 7 day turnover for duckweed (ideal climatic conditions), the annual yield would be 2 kg/m 2 . Given the high nutrient content of duckweed, the nutrient removal capacity of duckweed would potentially exceed that of Typha. In the Logan wetland mesocosms, band planted with Phragmites, Schoenoplectus and Eleocharis, average plant biomass after 2 years was 4.5 kg/m 2 (85 gN; 22.7 gP) -shoots and leaves accounted for 80% of nutrient accumulation. Shoot turnover rates after cropping were achieved in 8-9 months (QDNR, 2000) .
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Species competition
The wetlands were initially band planted with different species and sections of open water. Annual monitoring provided information on the spread and colonisation of species. The most aggressive species were Typha and Phragmites which over time gradually displaced other species. Problems were also experienced with Paspalum distichum which formed dense surface floating mats smothering other species and causing anaerobic conditions. Ipomoea aquatica similarly smothered other species due to its creeping habit. It is suggested that such aggressive species should be avoided where other alternatives are available.
Ecological and other benefits
A variety of macrophyte types and species not only maximises nutrient removal but provides habitats for a variety of aquatic organisms which control mosquito larvae (Greenway et al., 2002 
Conclusions
A large variety of aquatic plants are suitable for surface flow constructed wetlands to polish wastewater effluent. They can tolerate permanent water logging and higher nutrients. Species such as Typha, Phragmites, Paspalum and Ipomoea are capable of displacing other species and forming dense mono specific stands. Floating and submerged species have higher nutrient content than emergent species; they also remove nutrients directly from the Table 4 Phosphorus and nitrogen (mg/g DW) in root/rhizome and leaf/stem components (mean ± SD) of native macrophytes found in SFW in Queensland (Greenway and Woolley, 1999) water column. A mixture of species is recommended to maximise nutrient removal and enhance the ecological value of treatment wetlands. Wetlands can be used in conjunction with waste stabilisation ponds.
